Background-Formation of the epithelial cyst involves the establishment of apical -basolateral polarity through a series of cellular interactions that are in part mediated by the extracellular matrix (ECM). We report that in a three-dimensional multi-cellular self-assembly model of lung development, α5 integrin regulates epithelial cyst formation through organization of soluble fibronectin matrix into insoluble fibrils through a process called fibrillogenesis.
Introduction
During pulmonary development, mechanical forces created by living cells are essential to cellular orientation and organogenesis. Fundamental to cellular initiated mechanical forces, cells establish and manipulate their environment through the secretion of an extracellular matrix (ECM) that facilitates the structural organization of cellular components within the distal lung into an alveolar and vascular interface capable of oxygen exchange.
Integrins are Type I transmembrane proteins composed of two noncovalently linked alpha (α) and beta (β) subunits that designate ligand-binding specificity (Legate et al., 2009 ). Expressed as eighteen α subunits and eight β subunits, 24 different combinations with overlapping cell-type expression patterns and substrate specificity are formed (Hynes, 2002) . However, it is the specific pairing of the individual α and β integrin subunits expressed by the cell type that dictates which extracellular matrix (ECM) the cell can bind to. Fibronectin (FN), a multifunctional adhesive glycoprotein, is a prolific ECM protein that is essential for normal development (Hynes, 1990) . Secreted as a disulfide-bonded dimer, it binds principally to integrin cell surface receptors. Binding of FN to its integrin receptor initiates the unfolding of this soluble protein, followed by its assembly into a detergent insoluble fibrillar matrix (fibrillogenesis). This insoluble form of FN includes a component of the ECM that can modulate both cell behavior and tissue cytoskeleton architecture. FN protein diversity occurs due to alternative splicing of two type III exons referred to as Extra Domains (ED) A and B with EDA FN being predominately associated with lung fibrosis following injury (White and Muro, 2011) . Several integrin receptors bind to FN to facilitate cell adhesion and migration. These include the β1 integrins, α5β1, α4β1, α8β1 and αVβ1 (Akiyama et al., 1989 , Schnapp et al., 1995 , Yang et al., 1993 . However, the specialized process of FN fibrillogenesis is largely confined to the α5β1 integrin (Mao and Schwarzbauer, 2005, Wierzbicka-Patynowski and Schwarzbauer, 2003) .
Alpha5Beta1 integrin, a member of the heterodimeric transmembrane glycoprotein family, exhibits specificity for the ECM ligand fibronectin (FN) via an RGD binding site. Binding of α5β1 to its ligand initiates a complex of downstream signaling events resulting in cellular reorganization of the actin cytoskeleton that facilitates cell migration and assembly of a three-dimensional (3-D) fibrillar matrix (fibrillogenesis) (Robinson et al., 2004 , Robinson et al., 2003 . In contrast to the known role of α5β1 in angiogenesis, the role of α5β1 in epithelial cell regulation and pulmonary morphogenesis is unknown. The importance of this FN fibrillogenesis is supported by the fact that genetic ablation of α5β1 integrin results in major vascular abnormalities and leads to early embryonic fatality (Francis et al., 2002 , Hynes, 2002 , Taverna and Hynes, 2001 ) although single deletion of either the EDA or EDB domains results in a viable mouse suggesting that both domains are not critical or that other proteins are able to compensate for a specific isoform (Fukuda et al., 2002) (White and Muro, 2011) . In contrast, genetic manipulation of αVβ3 and αVβ5 integrins indicate that the αV integrin / FN interactions are not necessary for vascular formation (Hynes, 2002) . During pulmonary morphogenesis, α5β1 integrin and its ECM ligand FN are expressed during lung development (Chen et al., 1986 , Roman and McDonald, 1992 , Snyder et al., 1987 and have been shown to be essential for lung branching morphogenesis (Sakai et al., 2003) (Plosa et al., 2014) .
Although the factors affecting α5β1-mediated adhesion to FN have been examined, surprisingly little is known regarding the contribution of the mechanical forces generated by integrin mediated FN -fibril formation on pulmonary tissue complexity and functional formation. Limited by embryonic lethality due to loss of α5, our studies utilize the well-defined model of lung self-assembly that has the unique capacity of de novo threedimensional re-assembly (Schwarz et al., 2011) . We determined that α5 mediated fibrillogenesis modulates fetal lung cellular self-organization and self-assembly. In conjunction with a reduction in fibrillogenesis, a compensatory increase in another mediator of fibrillogenesis, αV integrin was not sufficient to rescue self-assembly, fibrillogenesis, or normalize epithelial cyst formation. Examination of epithelial polarity determined that closed epithelial cysts demonstrate a front-rear polarity. Importantly, our studies indicate that α5 mediated fibrillogenesis is important for normal pulmonary epithelial cyst formation in the developing lung as inhibition reduces epithelial cyst size and subsequent perturbation of epithelial polarity.
Results

Alpha5 Beta1 integrin is an abundant cell membrane receptor in fetal pulmonary cells that modulates aggregate compaction
Dissociated multi-cellular fetal lung has the unique capacity to spontaneously self-assemble de novo in three-dimension (3D) hanging drops (HD) (Schwarz et al., 2011) . Previous studies implicate adhesion-based mechanisms in single cell population as well as multi-cell lung aggregation and self-assembly through inhibition of the extracellular matrix deposition of the glycoprotein FN fibrillogenesis (Robinson et al., 2003 , Schwarz et al., 2011 , Mao and Schwarzbauer, 2005 , Wierzbicka-Patynowski and Schwarzbauer, 2003 . Flow cytometry indicates cell surface expression of α5 and β1 in the fetal lung cell population ( Figure 1A ). In 3D, HD fetal lung cells spontaneously rearrange into spheres allowing individual cell populations to maximize their mutual bonding and minimize adhesive free energy (Foty et al., 1994 , Foty et al., 1996 , Foty and Steinberg, 2005 , Robinson et al., 2003 , Steinberg, 1962 , Schwarz et al., 2011 . Aggregation or compaction, a function of cellular rearrangement over time, was assessed at 48 hours in 3D HD. HDs treated with an α5-neutralizing antibody were significantly larger at 48 hours consistent with less compaction or self-assembly than those HDs treated with non-specific IgG (Fig. 1B) . Concurrent with α5β1 neutralization, there was a loss of FN matrix assembly, noted by a reduction in insoluble FN (Fig. 1C,D) and deposition of short punctate insoluble FN strands ( Fig. 1F : arrows) as compared to long continuous FN strands found in non-specific IgG (Fig. 1E: arrows) .
Knockdown of Alpha5 integrin decreases HD aggregation
Cell-cell interactions mediate lung formation. 3D HD function as a surrogate to assess α5β1-integrin impact on tissue properties. In this dynamic model, dictated by intercellular connections, a cell's ability to communicate effectively with neighboring cells results in a quantifiable sphere formation known as compaction. Compaction or cell aggregation was assessed after 48hr in HD. Knockdown of α5 inhibited lung compaction, as HDs were significantly larger at 48hr suggesting that self-assembly was decreased as compared to Scrambled siRNA ( Fig. 2A) . Knockdown of α5 protein levels was confirmed by Western blot analysis (Fig. 2B) .
Knockdown of Alpha5 disrupts FN matrix assembly
Fibronectin matrix assembly not only mediates cell-cell interactions in a mixed cell population, it has also been shown to be an important regulator of aggregate cohesion and is directly mediated by α5β1 integrin. At baseline, HDs demonstrate fibrillogenesis noted by deposition of insoluble FN in long strands within the HD (Fig. 3B : stars) as well as at the epithelial/mesenchymal interface ( Fig. 3A: dotted outline) . In contrast, lung HDs treated with Itga5 siRNA had a notable reduction in insoluble FN fibrils. Furthermore, the FN fibrils that were present exhibited different characteristics. In contrast to long strands, the FN depositions were thick, small arrowhead / punctate like (Fig. 3C,D: arrows). Insoluble deposited FN (DOC fraction), soluble, and as different splice variants (EDA vs EDB), FN protein and solubility was examined. DOC isolation of FN supported a reduction in insoluble FN (Fig. 3E,F) and total FN protein (Fig. 3E,G) with a reduction in the alternative splice variants EDA in the Itga5 siRNA while the EDB was unaffected as compared to Scrambled siRNA (Fig. 3E) . Importantly, qPCR analysis determined overall FN transcription was not inhibited by Itga5 siRNA (data not shown).
Lung epithelial cyst size and basement membrane proteins laminin and vitronectin localization are altered by knockdown of Alpha5
Cytoskeleton organization is a fundamental component of distal pulmonary epithelial cell lumen formation; however little is know regarding the role of FN matrix assembly in lumen formation. Supportive of an important role for FN-dependent architecture in lung development is the observation that although protein levels of the ECM total laminin were similar (data not shown), histological analysis revealed that basilar epithelial deposition of laminin was discontinuous and pyknotic in cysts treated with Itga5 siRNA (Fig. 4B,D: arrows) as compared to scrambled siRNA (Fig. 4A ,C: stars). Laminin, found at the epithelial / mesenchymal interface during normal lung development (Schuger, 1997 , Schuger et al., 1992 , was noted to be distributed in a similar location in the 3D HD pulmonary sheets. Using this established marker of the epithelial / mesenchymal border, epithelial cyst diameter was defined by its laminin basement membrane border. Examination of Itga5 siRNA epithelial cysts revealed a less complex cyst formation and reduction in cyst size ( Fig. 4B ,E) as compared to Scrambled siRNA ( Fig. 4A,E) . In contrast to reports associating selective apoptosis with expanding lumens (Debnath et al., 2002) , we observed a significant increase in epithelial cell proliferation as evidenced by increased Ki67 counts in Itga5 siRNA HD (Fig. 5 ) as compared to Scrambled siRNA. Despite the increase in epithelial cell proliferation, within the predominant epithelial cell population at this age, surfactant protein C (SPC) expression, a marker of type II epithelial cells, was not significantly impacted (data not shown). Examination of other matrix components by Western blotting indicated a concomitant reduction in vitronectin (Fig. 4F ,G) and compensatory increase in AlphaV integrin (Fig. 4H,I ).
Lung epithelial cyst formation is mediated by Alpha5 fibrillogenesis
Recent studies observed that loss of lumen formation is associated with disruptions in epithelial polarity (Davis and Cleaver, 2014, Itoh et al., 2007) . In conjunction with an observed loss of lumen formation in Itga5 siRNA reduction, epithelial cell polarity was examined. Apical polarity of the epithelial lumen in Scrambled siRNA HDs was confirmed by central deposition of Podocalyxin (PODXL) ( (Fig. 6D ).
Discussion
Here, we elucidate that α5β1 integrin mediated fibrillogenesis is a moderator of epithelial cyst formation and polarity. Initially, blockade of α5β1 inhibited fibrillogenesis and delayed lung self-assembly. Consistent with previous reports in single cell populations where knockdown of α5β1 integrin redistributed focal adhesions and contractile shape (Huveneers et al., 2008) , we show that in 3D HDs α5 knockdown was sufficient to delay lung selfassembly. Concomitant with α5 knockdown, there was loss of insoluble FN organizationfibrillogenesis, F-actin-poor central epithelial lumen deposition, disrupted epithelial frontrear polarity, concurrent reduction of both cyst formation and abutment of the PODXL at the epithelial apical surface. Collectively, these studies support a role for α5β1 mediated FN dependent fibrillogenesis in epithelial polarity and lumen formation in the developing lung.
Pulmonary organogenesis requires a tightly controlled series of events that result from specific cell -cell and cell -extracellular matrix (ECM) interactions with their environment. Importantly, not only do cellular interactions influence their environment, but also cells are also actively involved in the creation of their environment. In concert with multiple growth factors (Cardoso, 2001 , Cardoso and Lu, 2006 , Warburton and Lee, 1999 , cells secrete and manipulate ECM components into suitable configurations that sustain and facilitate the organization of the alveolar/vascular cell interface resulting in a functional air-exchanging lung. Optimization of these micro-environmental cues is necessary in the assembly of a functional pulmonary unit. The ECM matrix is composed of two main types: (1) the interstitial connective tissue matrix that surrounds the cells providing a structural scaffold and (2) the basement membrane that separates the epithelium from the surrounding stroma that is responsible for controlling cell organization (Bonnans et al., 2014) . Previous studies demonstrate the importance of the basement membrane matrix in orientation of epithelial cell polarity. In single-cell type kidney epithelial cysts, Rac1-mediated laminin assembly regulated apical pole orientation within the cyst and ensured the coordination of polarity (O'Brien et al., 2001) . Furthermore, inhibition of β1 integrin (Yu et al., 2005) or Rac1 (O'Brien et al., 2001 ) prevented the organization of laminin within the basement membrane resulting in polarity inversion. In our studies, although total laminin protein levels were unchanged, Itga5 siRNA altered laminin deposition where it was noted to be discontinuous and pyknotic. In contrast to laminin being part of the basement membrane component of the ECM, FN is a member of the interstitial connective tissue matrix that contributes to the structural scaffolding. In our studies, disruption of the interstitial connective matrix component FN not only altered the deposition of the basement matrix component laminin, but it also directly impacted the structure and polarity of the epithelial lumen as manifested by loss of epithelial cell pyramidal shape, central F-actin-poor epithelial lumen expression, and altered distribution of the polarity markers NUMB and PODXL. F-actin alignment is regulated by FN binding to α5β1 integrin. Knockdown of α5 integrin decreases F-actin cytoskeleton organization. Loss of the adhesive strength provided by the central F-actin-rich bundles implies that the actin-based cytoskeleton used for the attachment of cell adhesion proteins is altered (Wan et al., 2013) . This is supported by our findings that E-cadherin deposition is discontinuous in the Itga5 siRNA HD. Importantly, elevation of an alternative director of fibrillogenesis, αV integrin, was not able to completely rescue epithelial cyst formation. Taken together, these findings suggest that factors effecting epithelial polarity are not limited to the basement membrane matrix, but rather that the basement membrane and interstitial connective tissue matrix work in concert with the cells cytoskeleton to influence epithelial polarity and cyst formation.
Fibrillogenesis, mediated by α5β1 is responsible for cell behavior and tissue architecture (Robinson et al., 2004 , Robinson et al., 2003 . FN assembly is mediated by an RGD binding motif through either α5β1 or αV integrins receptors. Previous in vivo and in vitro studies have determined that despite binding FN via a similar RGD binding motif, differing receptors α5β1 and αV integrins are activated with the downstream signaling and assembly of FN fibrils being independent of each other. As a result, αV mediated FN assembly is less dense and contains thicker and shorter fibrils with arrowhead-like focal adhesions while, α5β1 assembled fibrils are thin and long (Takahashi et al., 2007) . Examination of the FN fibrils deposited in the α5 knockdown HDs found them to be short, thick and arrowheadlike. These fibrils are typical of αV mediated FN fibril assembly. Elevated protein levels of αV integrin in Itga5 siRNA HDs not only support the focal adhesion deposition pattern, but also suggest a compensatory increase. Interestingly, αVβ3's affinity for FN isoforms is different from that of α5β1 integrin. A recent study determined that αVβ3 integrin has a marked affinity for EDB fibronectin that is greater than its affinity for plasma FN (Kraft et al., 2016) . This in part could explain a noted reduction in EDA FN in Itga5 siRNA HD that express a compensatory increase in αVβ3 integrin. One possibility is that there are different but complementary roles that αV versus α5β1 integrin mediated fibrillogenesis supports. The thicker and shorter αV-mediated fibrils with arrowhead-like focal adhesions could function as extracellular matrix anchors that are then spanned by α5β1 integrin mediated long thin FN fibrils. In this cooperative state, FN fibrillogenesis becomes a sequential anchored network formed by bridging. Loss of the fine connecting α5β1-mediated fibrils results in increased αV mediated fibrils that cannot structurally compensate for the loss of the spanning connector fibrils. Loss of this structural network results in a collapse of cytoskeleton integrity. This is further supported by recent findings that not all FN fibrillar networks provide the same cytoskeleton support as cytoskeleton tension and adhesion complex maturation is dependent on this α5β1 mediated fibril assembly (Danen et al., 2002) . We speculate that loss of the spanning connector fibrils has greater implications that reach beyond epithelial cyst formation. For example, previous studies in submandibular and mammary gland ductal elongation and branching have been directly associated with ECM remodeling (Bonnans et al., 2014) . Future studies will explore the impact that α5 mediated fibrillogenesis has on lung branching during development.
Previous studies determined that loss of the ECM and β1 integrin negatively impacts lung branching during development. Plosa et al. established that epithelial β1 integrin was required throughout the different stages of lung development for airway branching morphogenesis, alveolarization, and maintenance of homeostasis (Plosa et al., 2014) . However, the mechanisms of how epithelial branching and factors contributing to alveolar lumen structural formation have not been determined. The alveolar lumen is multi-cellular and predominately composed of air-exchanging alveolar type 1 cells and surfactant producing alveolar type 2 cells supported in part by an extracellular matrix that abut the endothelium. Epithelial lumen formation is dependent on the integrity and adhesive strength of the cytoskeleton actin bundles and apical-basolateral polarization of cells. Recent studies determined that the ECM-signaling is essential in reorienting cell polarity. In these studies, when Podocalyxin (PODXL) abuts the extra-cellular matrix, polarity is inverted (O'Brien et al., 2001 ). In single cell canine kidney epithelial cells grown in 3D matrigel, reorientation of cell polarity from basilar to apical location results in lumen formation, and is dependent on the conversion of a non-polar cell population to an apical-basolateral polarized cyst. Suppression of the α2β1 or α3β1-integrin signaling promotes the apical relocalization of the PODXL/NHERF1/Ezrin complex, resulting in removal of ECM-abutting PODXL and initiation of its transcytosis to the apical membrane where it initiates epithelial inversion of polarity, and lumen formation occurs. These studies support the concept that blockade of PODXL mobilization from the ECM results in an epithelial cyst that demonstrates a collective front-rear polarity that lack lumen formation (Bryant et al., 2014, Davis and Cleaver, 2014 ).
We found that there was a loss of central F-actin-rich deposition in epithelial lumens upon Itga5 siRNA knockdown, which we denote here as 'F-actin-poor-region.' Associated with the F-actin-poor region, there is also a loss of central podocalyxin (PODXL). Previous reports show PODXL either in basilar or apical location (O'Brien et al., 2001 , Bryant et al., 2014 , Davis and Cleaver, 2014 . Similarly, in control PBs, we found that PODXL was also both apical and found to be located within the center of the F-actin-rich region. However, loss of α5 integrin-mediated fibrillogenesis did not place PODXL at either the apical or basilar region. Rather it co-localized with the F-actin-poor region. In conjunction with the Itga5 siRNA F-actin-poor region, there was also notable discontinuous deposition of Ecadherin. During lumen formation, F-actin is organized through self-alignment following binding of α5β1 integrin to FN. Loss of this interaction would decrease F-actin organization. Actin-based cytoskeleton is important for the attachment of cell adhesion proteins such as E-cadherin. Therefore, loss of α5 disrupts alignment of F-actin, its binding to adhesion proteins, and its ability to traffic actin mediated polarity proteins. Furthermore, epithelial lumen cells with loss of apical concentration of F-actin, were more likely to have a columnar shape and not the typical pyramid shape found in actin-rich lumens. Analysis of polarity markers NUMB and PODXL supports a disruption of polarity in Itga5 siRNA HDs.
Lastly, lack of basilar or apical PODXL distribution suggests that PODXL is disrupted from the ECM membrane but lacks engagement of its transport system to the cells' apex. Our findings are consistent with previous observations where β1 blockage disrupted alveolar type II cell cyst formation (Yu et al., 2007) where single cell populations failed to form epithelial cyst. Our findings examine the role of specific α5β1 in a multi-dimensional HD where epithelial cyst formation occurred, but demonstrate perturbed polarity. These findings likely are a direct result of compensatory measures that facilitate epithelial cyst formation but cannot compensate for the fibrillogenesis contributions that α5β1 provides to epithelial lumen polarity. However, not all factors that regulate cell polarity were examined in these studies. For example, pseudokinase ILK signaling has also been described mammary epithelial cell polarity (Akhtar and Streuli, 2013) . Furthermore, polarity and lumen formation occurs over a prolonged period and involves factors not examined here such as vascular formation and epithelial cell differentiation. Therefore other factors are likely to be involved in the process of epithelial cyst formation.
Conclusions
Based on our collective findings, α5 integrin is identified as being a critical factor in lung epithelial lumen polarity, cohesion of assembled lung, and a contributor to alveolar cyst formation. Previous studies determined that α5β1 is essential for embryonic vessel formation and viability (Francis et al., 2002 , Hynes, 2002 , Taverna and Hynes, 2001 ). Using a model of lung self-assembly, we show that α5 integrin contributes to lung epithelial polarity and cyst formation as blockade or knockdown of α5 perturbed epithelial polarity and cyst formation. However, despite slowing lung self-assembly, HD formation is not dependent on α5 mediated fibrillogenesis. These findings suggest a targeted role in α5 signaling for which compensation in fibrillogenesis through other mechanisms such as αV is not sufficient, mainly epithelial lumen formation and polarity. Although this model of lung self-assembly does not completely replicate lung development, it represents a step forward in determining the role that α5β1 mediated fibrillogenesis has in lung assembly and epithelial cyst formation in the developing lung. Therefore we propose that together these findings suggest that α5 integrin is a regulator for lung epithelial cyst development.
Experimental Procedures Cell Culture, Compaction Analysis and Hanging Drop (HD) Pulmonary Sheet Formation
Pulmonary sheets were formed as previously described (Schwarz et al., 2011) . In brief, fetal lungs were microdissected from embryos of timed pregnant CD1 mice at embryologic (E) 14.5 days. Lungs were first dissociated in 0.5% Collagenase I (Invitrogen, Carlsbad, CA) and 20μg/ml DNase I (Sigma-Aldrich, St. Louis, MO) mixture, red blood cells removed using RBC lysis buffer (Sigma-Aldrich, St. Louis, MO), and the cell suspension was passed through a 100μM filter. The final single cell co-culture was resuspended in MEM supplemented with 20% FBS (fibronectin-depleted) at a concentration of 1 × 10 7 cells/ml. Viability was noted to be >95% as determined by trypan blue exclusion. Hanging drops of 12.5μl (125,000 cells/HD) were suspended over PBS on the lids of 60 mm Petri dishes.
Compaction of cells during self-assembly for 48 hours was assessed in phase contrast images captured using a 4× objective by outlining the cellular mass and measurement of the entire outline of the HD in pixel number as previously described (Schwarz et al., 2011) . Some HDs were treated with α5 integrin function blocking antibody (CD49e Integrin alpha5 chain 0.25-2μg/ml) (BD Pharminogen, 553318) and compared to controls treated with nonspecific IgG from (14131,Sigma Aldrich St. Louis, MO). In other experiments, mouse Itga5 siRNA duplexes and negative universal controls (Invitrogen, Carlsbad, CA) were reverse transfected using the siPORT™NeoFX™ transfection agent as follows: (1) siPORT™ Neo FX ™ transfection agent and siRNA duplexes were diluted separately in OptiMEM (Invitrogen); (2) siRNA complexes (30 nM) pre-incubated in transfection reagent, were added to cells overnight in 20% FBS (Gemini) MEM at a cell concentration of 1.5 ×10 5 cells/ml. After trypsinization and detachment from the plates, the cells were allowed to self assemble into aggregates for 48 hours. The aggregates were exposed to a second siRNA transfection during pulmonary body formation. Cell aggregates were transferred to 10 mL shaker flask and developed as pulmonary bodies over 48 hours while shaking 130 rpm at 37°C and 5% CO 2 and analyzed for histology.
Flow Cytometry
Dissociated mouse fetal lung cells were suspended in a 2% FBS / PBS solution at a density of 1 × 10 7 cells / mL. Cells were placed at a dilution of 1 × 10 6 concentration in a polystyrene tube and exposed to the conjugated primary antibodies alpha5-Phycoerythrin (Abcam, ab33674) or Beta 1-Phycoerythrin (Abcam, ab36219) for 30 minutes on ice with agitation every 10 min. Following incubation cells were pelleted followed by the cell pellet being resuspended in 1 mL PBS / 2% FBS. Flow cytometry was analyzed by the UTSW core facility. Cells incubated with a secondary antibody Hamster PE (Jackson) or PBS alone served as the control population.
Immunoblot Analysis
Cells were lysed on ice using RIPA lysis buffer (25 mM Tris.Cl, pH 7.6, 150 mM NaCl, 1% NP40, 1% DOC, 1% SDS) supplemented with protease inhibitor cocktail (Sigma). Following analysis of protein concentration (Bradford analysis, Biorad), equal amounts of protein loaded, electrophoresed on SDS-PAGE gel, followed by transfer to Immobilon-P membranes, blocked in a casein-based solution and probed with primary antibodies purchased from: Santa Cruz (alpha5 sc10729, polyclonal fibronectin sc-9068 that recognizes all isoforms, vitronectin sc-74484), Millipore (alpha5 Chemicon AB1928, alphaV Chemicon Ab1930, pro-SPC upstate 07-647 or AB3786, Actin MAB1501, GAPDH MAB374), and Abcam (Laminin ab30320). Binding specificity was detected using chemiluminescence substrate (Pierce, Rockford, IL) and XAR-5 film (Eastman Kodak, Rochester, NY). Quantitative analysis was performed using Quantity One software and samples were normalized to actin / GAPDH / tubulin loading controls.
Soluble and insoluble FN was detected as previously described (Schwarz et al., 2011) . In brief, samples were lysed in a DOC lysis buffer (2% sodium deoxycholate, 0.02 M Tris-HCl, pH 8.8, 2 mM PMSF, 2 mM EDTA, 2 mM iodoacetic acid, and 2 mM N-ethylmaleimide) and lysates were passed through a 26-gauge needle prior to centrifugation. Following centrifugation, the supernatant containing the DOC-soluble component was analyzed. DOCinsoluble components from the pellet were solubilized using SDS lysis buffer (1% SDS, 25 mM Tris-HCl, pH 8.0, 2 mM PMSF, 2 mM EDTA, 2 mM iodoacetic acid, and 2 mM Nethylmaleimide). Following isolation, the reduced lysates were normalized by BCA protein content and separated by SDS-PAGE gels and probed with an anti-FN antibody (ab6584, AbCam, Ltd., Cambridge, UK). In reducing conditions, the high-molecular-weight FN multimers resolve as a 220-kDa band. Semi-quantitative densitometry was performed as previously described.
Histological Analysis
Pulmonary bodies were embedded and frozen in OCT after fixation in 4% paraformaldehyde and dehydration in 30% sucrose. Five-micron cryosections were cut and mounted on Histogrip treated slides (Zymed). Following permeabilization with 0.1% Triton-X100 and blocking with CAS blocking buffer (Invitrogen), samples were incubated with primary antibodies from Abcam (fibronectin ab23750, laminin ab30320, Ki67 ab15580, Numb ab14140), Novus Biologicals (Podocalyxin MAB1556) and Millipore (pro-SPC 07-647 or AB3786) as per manufacturer's instructions. This was followed by incubation with the appropriate secondary Cy-3 or Alexa-Fluor 488 fluorescent antibody (Chemicon, Temecula, CA and Molecular Probes Invitrogen, Carlsbad, CA, respectively) and slides were mounted using Slow Fade Gold Anti-Fade reagent with DAPI (Invitrogen: S36938). Apoptotic cells were detected using ApopTag® Red In Situ Apoptosis Detection Kit (Chemicon International). Samples in polarity studies were de-identified, randomized and images captured. Following analysis samples were identified. Representative pictures were taken using an IX81 Olympus Spinning Confocal microscope images captured with a Hamamatsu Orca-ER Digital camera with a DSU spinning confocal unit and analysis using CellSens software.
Statistical Analysis
Prism software was used to perform all statistical analyses. All results are expressed as mean ± SEM. The significance of differences between two sample means was determined by Student's t tests using 95% confidence intervals. A p value less than 0.05 were considered significant. Flow cytometry analysis at 488nm wavelength of dissociated embryologic day 14.5 lungs cell demonstrate surface expression of α5 and β1 integrin as compared to unstained and secondary Alexa -488 antibody alone (A). The self-assembly or compaction of pulmonary cells into an aggregate in 3D hanging drops, pulmonary sheets, was assessed at 48 hours (measured as pixels). Pulmonary sheets treated with an α5-neutralizing antibody exhibited a less compaction measured as surface area in pixels (1.862 × 10 5 ± 3.113 × 10 3 SEM pixels) as compared to non-specific IgG (1.27 × 10 5 ± 9.344 × 10 3 SEM pixels) (B) (p<0.001) (unpaired Student's t-test, n=10/condition/experiment performed at least 5 occasions).
Western Blot analysis of insoluble DOC FN (p=0.026, n=4, pooled samples, 4 different occasions) (C,D) and representative image of immunofluorescent FN indicated that coordinated long strands of insoluble FN are found in non-specific IgG pulmonary sheets (arrows, E) as compared to short thick FN depositions in α5 antibody (arrows, F) all supporting neutralization of α5 integrin mediated FN deposition. DAPI denotes nuclei. Scale bar: E,F = 20μm. Dissociated fetal lung cells were reverse transfected with Itga5 siRNA prior to being placed in 3D hanging drops. The compaction or assembly of the dissociated 3D fetal lung cells reverse transfected with Itga5 siRNA into an aggregate within 48 hours noted as a pulmonary sheet was assessed as compaction. HDs with knockdown of α5 exhibited retardation in the amount of compaction (2.36078 × 10 5 ± 6.576 × 10 3 SEM pixels) (A) as compared to scrambled Scrambled siRNA (3.70728 × 10 5 ± 7.697 × 10 3 SEM pixels, p<0.0001, unpaired Student's t-test, n=10/condition/experiment performed at least 8 times).
Western blot analysis of assessed pulmonary sheets supports a significant 74% reduction in α5 protein (B)(0. 
